dependent proteolytic activity that could contribute to their invasive and angiogenic properties [9] . Recent data suggest that EPCs are also involved in thrombus recanalization and resolution [3, 10] . Indeed, thrombi fail to resolve in u-PA knockout mice, while wild-type bone marrow-derived cells, potentially rich in progenitor cells, rescue thrombus re-organization and resolution in uPA -/-mice [11] .
Thrombin was initially implicated in haemostasis and fibrin clot formation [12] , and has been also involved in cell biology since the discovery of its major receptor, the protease-activated receptor-1 (PAR-1). PAR-1 is a protease-activated G proteincoupled receptor specifically cleaved by thrombin at its extracellular N-terminus. The amino-terminal sequence thereby unmasked acts as a tethered ligand, triggering a rapid response that can be reproduced by a hexapeptide (SFLLRN). In vascular biology, PAR-1 is the major mediator of thrombin signalling and is involved in platelet activation, smooth muscle cells migration and proliferation. PAR-1 activation also regulates many aspects of endothelial cell biology and has been involved in vascular development [12] . In previous work, we found that EPCs express the thrombin receptor PAR-1, and that specific activation of this receptor enhances EPC proangiogenic properties [13, 14] . Here we screened EPC for receptors other than PAR-1 that may influence thrombin activity and/or PAR-1 activation, such as thrombomodulin (TM or CD141) that enhances generation of activated protein C (APC) [15] , and endothelial protein C receptor (EPCR or CD201) that facilitates APC generation and permits PAR-1 cleavage [16] . The presence of the two cofactors of protein C activation -i.e. TM and EPCR -could confer anticoagulant properties to EPCs.
Therapeutic use of EPCs is now the subject of intensive investigations, but possible interactions between these cells and fibrin clot have not yet been examined in experimental studies.
The aim of this study was to examine the behaviour of EPCs cultured on a fibrin network, and to determine whether the hypothetical interaction of EPCs with haemostasis -i.e. anticoagulant and fibrinolytic properties -are modulated by fibrinadsorbed thrombin. In particular, we have studied the role of EPCs on fibrin lysis. Proteolysis of a fibrin clot is mediated by the serine protease plasmin, generated upon activation of the zymogen plasminogen by tissue-plasminogen activator (t-PA) and u-PA.
Plasmin generation is modulated by the major plasminogen activator inhibitor, PAI-1. Fibrin degradation upon plasmin can be monitored by the release of specific fibrin degradation products, the D-dimers.
Methods

Late-EPC culture and characterization
Mononuclear cells (MNCs) were isolated from human cord blood by density gradient centrifugation with Histopaque-1077 (Sigma-Aldrich, Saint-Quentin Fallavier, France). Plastic non-adherent cells were enriched in CD34 + cells by magnetic activated cell sorting on MiniMacs columns (Miltenyi Biotec, Paris, France) following the manufacturer's instructions. Cells thus recovered were plated on 0.2% gelatin-coated 24-well plastic culture dishes at a density of 5 ϫ 10 5 /ml and maintained in endothelial growth medium-2 (EGM-2, Lonza, Saint-Beauzire, France) as previously described [13] . After 2 to 3 weeks of expansion, EPCs were characterized by means of flow cytometry with monoclonal antibodies (mAb) from Beckman Coulter (Villepinte, France); we also used a mAb against CD141 (thrombomodulin), that was a kind gift from Diagnostica Stago (Asnières, France), and a mAb against EPCR, that was a kind gift from Dr CT Esmon. For immunofluorescence analysis of EPCR expression, cells were seeded on gelatin-coated glass cover slips in 24-well plates, then incubated at room temperature with endothelial cell basal medium 2 (EBM2, Lonza), BSA 0.1% containing mAb against EPCR. Cells were fixed with 4% paraformaldehyde then incubated with goat secondary antibodies coupled to AlexaFluor 488 (Molecular Probes, Invitrogen, Cergy Pontoise, France). The cover slips were mounted with Mowiol containing ToPro-3 nuclear stain and observed with a Leica TCS SP2 confocal microscope (Leica Microsystems, Rueil-Malmaison, France).
Fibrin network preparation
A fibrin network was generated in microplates by adding 0.025 M CaCl2 to platelet-depleted plasma, obtained by centrifuging citrated blood for 15 min. at 2300 ϫ g, and holding it at 37°C for 1 hr. We used 24-well and 6-well microplates containing 600 µl and 1000 µl of plasma, respectively, for migration and proliferation assays. For proliferation assays, EPCs were plated at a density of 5 ϫ 10 4 /well in EBM-2. After 24 hrs of culture on the fibrin matrix, DNA synthesis was determined by measuring the incorporation of 5'-[ (Costar, Avon, France) with 8-µm pore size filters. EPCs were seeded at a density of 5 ϫ 10 4 /well in 200 µl of EBM-2/1% FBS medium and then allowed to migrate for 5 hrs at 37°C. A fibrin matrix was prepared in the lower chamber of the Boyden chamber. Thrombin activity on the matrix surface was quantified by measuring the hydrolysis of the thrombin-selective chromogenic substrate S2238 (Biogénic, Mauguio, France) at 405 nm at 60-sec. intervals. A calibration curve was constructed with serial dilutions of purified human thrombin, prepared as previously described [17] .
Purification of human protein C
Vitamin K-dependent proteins were concentrated by BaCl2 precipitation. Protein C (PC) was then immunopurified with Sepharose-immobilized anti-PC mAb 2E2A8D2 coupled to CNBr-Sepharose 4B (Pharmacia, Piscataway, NJ, USA). This purification procedure was followed by anion-exchange chromatography (Mono Q) using a CaCl2 gradient to elute PC.
Assay of activated PC generation
Fibrin networks were pre-treated with 40 
Real-time quantitative reverse-transcription polymerase chain reaction (RT-PCR)
The theoretical and practical aspects of real-time quantitative RT-PCR on the ABI Prism 7700 Sequence Detection System (Perkin-Elmer Applied Biosystems, Courtaboeuf, France) are described in detail elsewhere [18] . We quantified transcripts of the TBP gene which encodes the TATA box-binding protein (a component of the DNA-binding protein complex TFIID) as the endogenous RNA control, and each sample was normalized on the basis of its TBP content. Results, expressed as N-fold differences in target gene expression relative to the TBP gene, and termed Ntarget, were determined with the formula: Ntarget = 2⌬Ctsample, where the ⌬Ct value of the sample was determined by subtracting the Ct value of the target gene from the Ct value of the TBP gene. The Ntarget values of the samples were subsequently normalized such that the Table 1 . To avoid amplifying contaminating genomic DNA, one of the two primers was placed at the junction between two exons. The thermal cycling conditions comprised an initial denaturation step at 95°C for 10 min. and 50 cycles at 95°C for 15 sec and 65°C for 1 min.
ELISA methods
EPCs were incubated for 24 hrs in EBM-2 at 37°C with 75 µM SFLLRN or 10 nM human thrombin (Diagnostica Stago) and the supernatants were then collected. The cells were non enzymatically detached with EDTA (Sigma Aldrich), counted and lysed on ice in 100 mM Tris-HCl (pH 8.1), 0.5% Triton X-100 buffer supplemented with a complete protease inhibitor mixture (Roche Diagnostic, Meylan, France). The u-PA and u-PAR antigen concentrations were determined in conditioned media and in cell lysates by using ELISA meth 
Statistical analysis
Data are reported as means ± SEM. Significant differences were identified by ANOVA followed by Fisher's protected leastsignificant difference test. All statistical tests were performed with the StatView ® software package (SAS, Cary, NC, USA).
Differences with P values <0.05 were considered significant.
Results
EPCs express PAR-1, thrombomodulin and EPCR
Sorted human cord blood CD34 + cells were cultured with specific endothelial growth factors (EGM-2 medium), yielding small colonies of so-called late EPCs after 7 to 14 days [19] . At confluence, EPCs exhibited a cobblestone morphology (a growth pattern typical of the endothelial lineage) and expressed CD146 (S-Endo1) and CD31 (Fig. 1A) . EPCs expressed CD34 antigen and, as expected, were negative for the haematopoietic stem cell antigen CD133 and for the leucocyte markers CD14 and CD45. Flow cytometry also showed that, respectively, 94% and 89% of EPCs expressed the thrombin receptors PAR-1 and thrombomodulin (CD141). EPCR was expressed by 91% of EPCs. This expression was homogeneously distributed over the cell surface, as shown by confocal microscopy (Fig. 1B) .
EPCs generate activated protein C on a fibrin network
EPCs express the two cofactors of PC activation on their surface, implying that they might have anticoagulant functions. To determine whether EPCs express anticoagulant properties when adherent to fibrin, we studied APC generation on the surface of EPCs cultured on gelatin for 30 to 40 days then placed on a fibrin matrix prepared by recalcification of human plasma (see Methods). Part of the thrombin formed during the clotting process is adsorbed to the fibrin network. Fibrin-bound thrombin activity, measured by selective chromogenic substrate S2238 hydrolysis, averaged 4.2 nM per well. APC generation was then quantified in the presence of EPCs and exogenous immunopurified human PC, by determining the kinetics of hydrolysis of the chromogenic substrate S2366 (Fig. 2) . In our experimental conditions, APC generation reached a plateau at 90 nM within 1 hr. APC formation was inhibited when the fibrin surface was pretreated with hirudin or benzamidine, inferring that thrombin adsorbed to the fibrin network plays a major role in APC generation on the EPC surface.
Fibrin-induced EPC proliferation and migration is dependent on bound thrombin
When placed on the fibrin matrix, EPCs strongly adhered and proliferated, without the need for exogenous angiogenic growth factors (EBM2 medium). During the first hours of culture on the fibrin matrix, EPCs formed pseudo-tubes, but these rapidly disorganized owing to the rapid cell proliferation (data not shown). EPC proliferation was significantly reduced by hirudin, as measured by 3 H thymidine incorporation (77,634 Ϯ 15,644 versus 45,352 Ϯ 12,822 counts per minute (cpm) for EPC proliferation on fibrin network in the absence or in the presence of hirudin, respectively, Fig. 3A) , suggesting that thrombin bound to a fibrin clot is able to activate PAR-1 and to induce cell proliferation. We also examined whether EPCs were able to migrate towards a fibrin network in a modified Boyden chamber. Fibrin attracted EPCs through the chamber membrane, and this effect was inhibited by fibrin pretreatment with hirudin (100% versus 58Ϯ5% for EPC migration towards fibrin in the absence or in the presence of hirudin, respectively, Fig. 3B ). The partial inhibition of EPC proliferation and migration by hirudin suggests the involvement of mechanisms other than PAR-1 activation by thrombin bound to fibrin.
EPCs interfere with fibrin lysis
EPCs have strong proteolytic potential and express high levels of u-PA and u-PAR, two factors involved in the angiogenic properties of EPC in vitro [9] . Assuming that EPCs can promote fibrin solubilization, we examined the fibrin network lysis by measuring D-dimer release. In the absence of EPCs, or in the presence of MNCs, spontaneous fibrin lysis occurred within 72 hrs at 37°C. Surprisingly, fibrin lysis was inhibited by EPCs, as shown by a significant um/1% SVF and were allowed to migrate for 5 hrs at 37°C toward a fibrin matrix placed in the lower chamber. Fibrin networks were pre-treated with 100 nM hirudin for 30 min.
Results are expressed as mean ± SEM of at least three separate experiments. *P < 0.05 decrease in D-dimer generation (487 Ϯ 8 versus 84 Ϯ 10 ng/ml in the absence or in the presence of EPCs after 72 hrs of incubation, respectively). Such an inhibition of fibrin lysis by EPCs was unaffected by pre-treatment with hirudin (84 Ϯ 10 versus 92 Ϯ 3 ng/ml in the absence or in the presence of pre-treatment with hirudin, after 72 hrs of incubation).
In an attempt to explain these data, we first evaluated the expression level of genes encoding the main fibrinolytic system actors before and after PAR-1 activation. We used real-time quantitative RT-PCR to measure the expression of u-PA, u-PAR, t-PA, PAI-1 and PAI-2. All these genes were expressed at high levels by EPCs and were overexpressed 4 hrs after PAR-1 activation by thrombin or by the SFLLRN peptide ( Table 2 ). The corresponding protein levels were determined in EPC lysates and supernatants by using ELISA. After thrombin and SFLLRN peptide treatment, u-PAR antigen levels in cell lysates increased by 283% and 331%, respectively (Fig. 4A) . The increase in u-PAR membrane expression was confirmed by flow cytometry (data not shown). The level of secreted u-PA increased by 537% and 258%, respectively ( Table  2 ). The level of PAI-1, a potent t-PA and u-PA inhibitor, also significantly increased after PAR-1 activation (Table 2 ). These results suggest that, in EPCs, PAR-1 activation is associated with modification of fibrinolytic balance.
To understand the observed inhibition of fibrin lysis by EPCs, we measured fibrinolytic molecules in the supernatant of the fibrin network. No t-PA was detected in the supernatant of the fibrin network. The presence of EPCs (compared to MNCs) resulted in a 10-fold increase in the PAI-1 concentration in conditioned medium after 24 hrs (7.5 Ϯ 2 versus 78 Ϯ 3 ng of PAI-1 antigen/10 5 cells in fibrin network supernatants in the absence or in the presence of EPCs, respectively). Hirudin pre-treatment of the fibrin matrix partially inhibited PAI-1 secretion by EPCs that stay at very high levels in the supernatant (Fig.  4B ) (78 Ϯ 3 versus 57 Ϯ 7 ng/10 5 cells in fibrin network supernatants in the absence or in the presence of pre-treatment of EPCs with hirudin, respectively, P = 0.03). All together, these data infer that EPCs locally express fibrinolytic enzymes to invade fibrin network, a phenomenon magnified by PAR-1 activation by adsorbed thrombin. However, high levels of secreted PAI-1 result in a global antifibrinolytic activity of EPCs within the fibrin network.
Discussion
Since their discovery in 1997, EPCs have been implicated in neovascularization [20, 21] . Recently, fibrin and activated platelets have been shown to guide stem cells to sites of vessel damage and to promote differentiation towards an endothelial cell phenotype [22] . Moreover, the presence of bone marrowderived EPCs has been shown in resolving thrombi [3, 10] . However, EPCs are scarce in blood and their role in clot recanalization in vivo is unclear. Likewise, EPC transfer could interfere with fibrin clot dissolution and thrombosis resolution. We have previously detected the main thrombin receptor, PAR-1, on EPCs. The present study provides the first experimental evidence of EPCR expression on EPCs and confirms that EPCs express thrombomodulin (CD141) [23, 24] . Recently, highlevel EPCR expression was observed on haematopoietic stem cells [25] . EPCR facilitates PC activation by the thrombin-thrombomodulin complexes. Our finding that EPCs express the two cofactors required for PC activation on their surface suggests that EPCs may have anticoagulant properties when interacting with thrombin adsorbed on the fibrin clots. Indeed, fibrin matrix prepared to cultivate EPCs retains active thrombin. After adding purified human PC, we observed APC generation on the fibrin matrix in the presence of EPCs. Our results suggest that EPC recruitment or injection could modify thrombus structure by exerting a local anticoagulant effect.
During the clotting process, thrombin binds to the fibrin clot and retains its catalytic activity. To examine the impact of such an adsorption on EPCs, we prepared a human fibrin matrix. Thrombin adsorbed to the fibrin network triggered EPC chemotaxis and proliferation, suggesting PAR-1 activation by bound thrombin. In the fibrin matrix model used here, involvement of growth factors other than thrombin is likely to explain why hirudin only partially inhibited EPC expansion and migration. Large amounts of VEGF have been found at the site of haemostatic plug formation in vivo, with a possible role in thrombus recanalization [4] . In our experimental conditions, VEGF contained in the clot could explain part of the angiogenic effect of the fibrin network [26] . Indeed, fibrin incorporates a variety of proangiogenic factors, such as VEGF, fibroblast growth factor and interleukin-8 that may generate an angiogenic environment within the thrombus [4, 27] . Moreover, integrins appear to play a fundamental role in EPC biology [28] [29] [30] . Binding of fibrin RGD sequence with EPC integrins could thus increase proangiogenic properties of EPCs on the fibrin network.
In vivo, fibrin clots can induce EPC homing and differentiation from peripheral blood MNCs to ischemic sites [10] . The important role of fibrin deposition and degradation in neovessel formation highlights the crucial function of the haemostasis system in the regulation of angiogenesis and tumour growth [31] . The dense cross-linked structure of fibrin represents a major obstacle for EPC locomotion, and EPCs thus use u-PA and tPA fibrinolytic activities and matrix metalloproteinases (MMP) proteolytic systems to invade fibrin networks [32, 33] . In order to identify factors involved in the control of EPC-mediated fibrinolysis by thrombin, we studied the effect of PAR-1 activation on EPC synthesis of fibrinolytic proteins. As shown in Table 2 , thrombin and SFL-LRN, a PAR-1-activating peptide, both significantly increased mRNA levels of tPA, u-PA and its receptor u-PAR, as determined by quantitative real-time PCR and ELISA. Expression of u-PAR, that plays an important role in the angiogenic properties of EPCs, was also increased at the cell surface after 24 hrs. This [34, 35] . In our model, important PAI-1 secretion could be responsive of thrombus lysis inhibition induced by EPCs. It may counterbalance the local degradation of fibrin induced by the overexpression of u-PA and u-PAR by EPCs under the activation by thrombin. In humans, increased PAI-1 levels have been found associated with higher cardiovascular risk [36] . Both metabolic and genetic factors determine circulating PAI-1 levels [37] . Nine different polymorphisms have been detected in the PAI-1 gene, the most extensively studied being the 4G/5G polymorphism in the promoter [38] . Recently, the endothelial 4G/5G PAI-1 genotype has been found to influence PAI-1 secretion by endothelial cells [39] . Such a variable level of PAI-1 secretion by EPCs might modify their interaction with thrombus. The role of fibrin on EPC migration and subsequent activation upon adsorbed thrombin suggests potential clinical implications. Indeed, PAR-1 specific antagonists have been developed [40, 41] and tested for platelet inhibition [42] in various diseases such as thrombosis, intestinal inflammatory disorders and experimental liver fibrosis [42] [43] [44] [45] . These compounds have been found to inhibit angiogenesis in vitro [46] . Our findings are a supplementary argument justifying the development of PAR-1 antagonists in cancer and other angiogenesis-related diseases. Moreover, cardiovascular disease correlates with a decrease in EPC numbers [47] , that might result in a delayed thrombus recanalization by EPCs.
Finally, the fibrin matrix could be used as an autologous matrix to expand EPCs ex vivo. However, the secretion of high levels of the fibrinolysis inhibitor PAI-1 could interfere with their angiogenic potentiali.e. proliferation, migration, differentiation or adhesive properties. Indeed, PAI-1 has been shown to inhibit adhesive properties of endothelial cells [48] or to interfere with MMP activation.
The major limitation of our study is that a fibrin clot prepared in vitro differs from an in vivo thrombus that is a complex biomaterial, not limited to thrombin and fibrin, that trap red blood cells and leucocytes releasing protease activities and binding plasminogen, u-PA and t-PA. These activities probably impair the ability of the thrombus to be colonized by EPCs. Moreover, the contribution of these cells to a thrombus in the early stages, such as platelets and neutrophils, and in the later stages, such as monocytes/macrophages, are likely to modify the balance between procoagulant and fibrinolytic properties and also the matrix composition. Indeed, cells within the thrombus can interact with plasma components trapped in the matrix, such as fibronectin [49] . Plasma fibronectin is a substrate for activated factor XIII and is thereby incorporated into fibrin clots. Other sources of fibronectin than plasma are available in vivo for potent interaction with EPCs, such as cellular fibronectin secreted from platelet ␣-granules and other cells near an injury site, and tissue fibronectin present in the vascular basement membrane. Aside from altering the structure of the fibrin network, a possible role of fibronectin in blood clots is to mediate interactions between cells or platelets and fibrin. Thus, fibronectin as well as fibrin may interact with EPC integrins during clot formation or recanalization. Finally, platelets activated during the clot formation secrete other adhesive proteins including fibrinogen, thrombospondin, vitronectin, and von Willebrand factor. Another limitation of our study is the absence of blood flow, which role on EPC activation and on their ability to recanalize the thrombus is still unknown. Indeed, some studies have shown that shear stress induces differentiation of embryonic stem cells in endothelial phenotype [50, 51] and also modulates thrombogenic potential of human EPCs [52, 53] .
In conclusion, thrombin adsorbed to fibrin clots may contribute to EPC recruitment. The anticoagulant properties of EPCs, including APC generation, could limit thrombus extension. This property is counterbalanced by strong PAI-1 secretion by EPCs, which might prevent premature thrombolysis. This latter property might hinder therapeutic use of EPCs for thrombus recanalization.
